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This  investigation  was  conducted  by  the  Research  Directorate,  Weapons 
Laboratory ,  WECOM,  to  determine  the  hardness  of  several  refractory 
metals  and  alloys  at  temperatures  from  ?0*F  to  2000®F.  Mlcronardness 
tests  were  made  in  vacuum  under  controlled  conditions  to  provide  com¬ 
parable  screening  data  for  predicting  the  strengths  of  these  materials 
in  high-temperature  applications  such  as  gun  barrel  liners.  Materials 
tested  included  tungsten,  molybdenum,  columblu*,  tantalum,  columblum- 
base  alloys,  and  tantalum-base  alloys.  Chromium  plate  and  Cr-Ho-V 
steel,  currently  used  in  gun  barrels,  were  also  tested  for  comparison. 
Several  of  the  refractory  alloys  retained  most  of  their  roem-temperatun 
hardness  up  to  180Q°F  or  200Q*F.  Some  were  harder  at  these  temperature* 
than  at  1000°F.  Chromium  plate  was  harden  than  any  of  the  refractory 
metals  and  alloys  up  to  about  1100'F,  but  was  softer  than  most  at 
1 500* F  and  above.  Cr-Ho-V  steel  was  softer  at  1800°F  than  any  of  the 
other  materials  tested.  The  three  alloys  showing  the  highest  hardness 
values  at  1800*F  and  above  were:  (a)  Su-16,  a  col umb iua-base  alloy; 

(b)  Ta-tll.  a  tantal u«-base  alloy;  and  (c)  Ta-222  ,  a  tantalum-base 
alloy.  \U)  (Philleo,  C.  H.  and  Sale,  D.  H.) 
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OBJECTIVE 
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The  objective  of  this  Investigation  was  o  provide  com¬ 
parative  hot  hardness  data  for  a  number  of  refractory  metals 
and  alloys  to  assist  In  the  selection  of  materials  for  use 
In  gun  barrels  for  automatic  weapons. 


BACKGROUND 


The  trend  In  newer  weapon  designs  is  toward  higher 
cyclic  firing  rates,  lighter  weight,  and  high  performance 
under  sustained  firing.  These  requirements  produce  conditions 
that  exceed  the  high  temperature  resistant  capabilities  of 
the  conventional  steels  used  for  weapon  construction  To 
obtain  heat  resistance  and  strength  at  higher  temperatures 
requires  consideration  of  refractory  metals  such  as  molyb¬ 
denum,  columbium,  tantalum  and  tungsten,  and  their  alloys. 

Data  on  the  refractory  metals  are  incomplete  with  re- 
g  rd  to  properties  such  as  hardness  at  hlr*  tyres. 

This  work  was  undertaken  to  provide  preliminary  data  that 
would  have  a  common  comparison  basis  and  would  provide  an 
initial  ground  for  selection  of  metals  that  appear  promising 
for  further  exploration  as  weapon  materials  for  such  appli¬ 
cations  as  machine  gun  barrels. 


APPROACH 


All  refractory  metals  and  alloys  selected  and  obtain’d 
were  all  commercially  available  materials,  for  comparison, 
specimens  were  also  obtained  of  chromium  plate  (over  chromium 
mo lybdenum-vanadlum  steel)  and  of  a  chromium-molybdenum- 
vanadium  steei  gun  barrel  section.  The  materials  compared 
are  listed  below: 

1  Chromium,  (as  plated  on  gun  barrel  steel) 

2  Tungsten 

3.  Tantalum  9t  tungsten,  2.501  hafnium,  0  011  carbon 
(Ta-222  ) 

4.  Tantalum.  9.6*  tungsten,  2.4*  hafnium,  0.01* 
carbon  (Ta-111) 

5.  Molybdenum. 


1 


I 


6. 

Col umbi urn. 
hafnium,  0. 

113  tungsten, 
08  carbon  (Su- 

33  molybdenum,  23 

16) 

7. 

Columblu*. 
to  Rockwell 

333 

A39 

tantalum , 
hardness . 

IS  zirconium,  annealed 

8. 

Col umblurn . 
to  Rockwell 

333 

A46 

tantalum, 
hardness . 

13  zirconium,  annealed 

9. 

Columblu*. 

103 

tungsten , 

103  tantalum. 

10. 

Tantal urn. 

11. 

Col  iimbl  um. 

12.  Chromlum-Holybdenun-Vanadium  steel  (per  cent) 


Carbon , 

0. 

41- 

0. 

49 

Manganese , 

0. 

60- 

0. 

90 

Phosphorous  , 

0 . 

40 

ma 

W 

Sulfur, 

0. 

040 

1  max 

SI  1  Icon  , 

0. 

ro 

O 

* 

0. 

35 

Chroaium , 

o. 

80 

1  . 

15 

Mol ybdenu© , 

0. 

t 

o 

0 

40 

Vanadium, 

0. 

20- 

0 

30 

Iron  , 

Balance 

Hardness  indentations  were  made  In  vacuum  ( approx imately 
3X10“* 5  Tori)  ai  a  series  of  successively  higher  temperatures 
of  70?f,  50QCF ,  1000°?,  1500'F,  18006F,  and  for  some  materials, 
2000°F.  After  the  test  temperature  had  been  reached,  the 
specimen  was  held  at  temperature  for  a  minimum  of  10  minutes 
to  stabilize  before  Indentations  were  wade.  The  specimens 
were  cooled  to  near  room  temperature  in  vacuum,  then  removed 
fro©  the  vacuum  chamber  for  measurement  of  the  indentations 
in  air. 

The  hot  hardness  test  was  used  for  this  study  because 
it  has  certain  advantages  over  most  other  mechanical  property 
tests : 

1.  Specimens  are  small,  simple,  and  easily  prepared. 

2.  Many  tests  can  be  made  on  a  stngle  specimen. 


3.  Problems  of  obtaining  uniaxial  loading  and  uniform 
temperature  over  a  specimen  are  largely  eliminated. 

Although  hardness  has  no  fundamental  reference  standard 
(such  as  pounds  per  square  inch,  as  used  for  a  tensile  test), 
hot-hardness  properties  are  of  considerable  value  for  pro¬ 
viding  screening  data  to  pred’ct  the  h’gh-temperature  be¬ 
havior  of  mater 4 a  1  s 

The  hot-hardness  test  apparatus  Is  shown  in  Figure  i 
The  coldwail  vacuum  chamber  has  an  internal  heater  shown  n 
Figure  2  A  sapphire  4 nden ter ,  shaped  to  a  standard  1 36  : 
pyramid  (V’ckers  or  OPN)  was  applied  to  the  specimen  under 
a  500-gram  deadweight  load  inside  the  chamber  The  load 
indenter  assembly  is  shown  in  Figure  3.  toad  was  applied 
to  the  specimen  for  15  seconds  measured  with  an  e’ectrical 
timer.  A  pa'r  of  electrical  contacts  was  mounted  on  the 
balance  arm  and  a  bracket  on  the  load  assembly  >n  such  a 
manner  that  they  opened  when  the  spec’men  p’cfeed  up  the  fu’l 
load  on  t he  Cents'  This  extinguished  a  small  i*gbt  bulb 
connec'ed  through  contacts  to  a  6-voit  battery  Tiding 
was  started  at  that  instant 

Application  o*  the  load  to  the  spec  men  was  accomplished 
by  means  of  a  motor  and  wor^-gear  drive  by  wh’ch  the  complete 
indenter  system  was  lowered  and  raised  The  speed  of  the 
drive  was  the  same  for  each  test,  and  ensured  a  uniform, 
slow,  smooth,  appi'cat-on  of  the  load 

The  specimen  was  roved  hor’rontaliy  *o r  successive  tests 
at  different  temper  a tu res  by  means  of  the  fixture  shown  in 
figure  £  The  rod  was  connected  to  the  specimen  holder  at¬ 
tended  through  G-ring  sea’s  in  the  sde  of  the  vacuum  cham¬ 
ber  and  was  moved  by  turning  a  wingnut  on  the  threaded  end 
of  the  rod 

The  ’ndenter  was  also  moved  hor  1  nta!’y  through  an 
arc  by  moving  the  po'nter  on  top  of  fhe  vacuo©  chamber  which 
rotated  the  shaft  supporting  the  ’ o«d - 1 nden t e r  assembly 
This  permitted  making  several  indents t 'ons  w’thout  moving 
the  specimen 

For  most  of  the  tests,  five  or  more  ’ ndenta t  ions  were 
made  at  each  test  temperature  On  some  materials,  however, 
the  combination  of  vacuum  and  t’*e  3?  temperature  caused 
etching  wh<ch  made  measurement  of  the  < ndentat ’on$  diffi¬ 
cult  or  Impossible  When  this  occurred,  another  specimen 
of  the  same  material  was  prepared  an*,  'ndentat  10ns  were 
measured  after  testing  at  each  te«p«’$tu'e  Subsequent 
tests  were  always  made  at  higher  test  temperatures 


FIGURE  2  «Mew  of  lower  chamber  of'  hot  har<jnes 
tester  showing  heater,  specimen, 
end  specimen  positioning  device 


Measurement  of  aM  indentations  w?s  done  •:  t  room  tem¬ 
perature  in  air  Host  measurements  wery  made  or.  a  Vickery 
microhardness  tester.  However,  some  were  maue  on  a 
metallograph  tc  provide  special  lighting  for  indentations 
otherwise  difficult  to  measure. 

The  test  specimens  were  1  inci  ay  3/6  inch  by  approxi¬ 
mately  1/16  inch.  For  preparing  t.ie  specimen  surface  for 
hardness  tests,  each  specimen  was  mounted  in  Bakelite  and 
polished  on  a  aetal lographic  polishing  w(eel  with  diamond 
polishing  compound.  The  mount  *>8$  then  broken  away  from 
the  specimen. 

A  combination  of  automatic  an”1  manual  control  was  used 
to  provide  temperature  control  .  A  potent i ometer-type  auto¬ 
matic  temperature  control  1 er-recorder  was  set  to  bring  the 
specimen  up  to  withi.i  a  few  degrees  of  the  desired  tempera¬ 
ture.  A  variable  transformer  in  the  control  circuit  was 
then  adjusted  to  provide  the  required  amount  of  power  to 
bring  the  specimen  to  the  desired  temperature  and  hold  it 
there  wJth  a  minimum  cf  cycling.  The  thermocouple  junction 
was  in  the  anvil  supporting  the  specimen. 


RESULTS  ANO  DISCUSSION 

The  test  results  show  the  effects  of  temperature  on 
hardness  4"  a  nonagg~essi ve  environment  on  the  metals  tested. 

The  data  show  that  several  of  the  refractory  alloys 
maintain  a  comparatively  high  level  of  hardness  up  to  'SOO'F 
or  above  On  tne  assumption  that  the  hardness-s irength 
relationship  at  amb’ent  temperature  is  realistic  when  tem¬ 
perature  rues,  these  alK-ys  appear  promising  for  use  in 
gun  barr  |  Mners  provided  other  requirements  are  met. 

The  three  alloys  which  showed  the  highest  hot  hardness 
values  at  1800  F  are  given  below: 

Su-16  Co  1 umbi um- ba se  alloy  with  IIS  tungsten,  3X 
molybdenum,  2S  hafnium,  and  0.08?  carbon;  average  hardness 
at  1800'F,  320  DPH  (approx ima te ly  Rockwell  C  32). 

ra-H\  or  tanta  1  um-M-Hf -C  .  Tan  ta  1  um- ba  se  alloy  with 
9  6S  tungsten,  2.45  hafnium,  001?  carbon;  average  hardness 
at  1800°F,  280  DPH  (approximately  Rockwell  C  27). 

Ta-222  Tantalum-base  alloy  with  9?  tungsten,  2.55 
hafnium,  <0  0175S  carbon;  average  hardness  at  1800f, 

240  OPH  (approximately  Rockwell  C  21) 


Some  examples  of  the  Indentations  produced  are  shown 
in  figures  4  through  11.  Figures  4,  5,  and  6  are  typical 
indentations  showing  how  the  size  Increased  with  increas¬ 
ing  temperature.  Figure  7  shows  the  indentation  made  in 
tantaluss  at  22Q0°F.  The  tantalum  was  only  slightly  etched 
or  discolored  after  testing  to  this  temperature .  The 
center  of  the  Indentation  is  slightly  out  of  focus  because 
of  the  shallow  depth  of  focus  on  the  metal  1  ograph  at  this 
magnification. 

Because  of  vacuum  etching  and  heat  effects,  some  in¬ 
dentations  were  difficult  or  impossible  to  measure  under 
standard  bright-fleld  illumination.  In  many  instances, 
the  indentation  could  be  measured  with  dark-field  illum¬ 
ination  on  the  metal lograph .  Figures  8,  10,  and  11  are 
photomicrographs  taken  with  dark-field  illumination. 

Figure  9  was  made  with  bright-field  illumination,  but  with 
the  aperature  diaphragm  off  center  to  provide  side  lighting. 

The  hardness-versus-tesiperature  plots  of  all  tne  ma¬ 
terials  tested  are  given  together  in  Figure  12  and  Individ¬ 
ually  in  Figyres  13  through  24,  Because  chromium  was  much 
harder  at  room  temperature  (OPK  940,  Rockwell  C  68)  than 
any  of  the  other  materials  tested,  the  hardness  coordinate 
for  chromium  (Figure  13)  and  for  the  composite  plot  (Figure 
12)  H  not  the  same  as  that  used  for  the  other  materials 
(Figures  14  through  24). 

Although  the  hardness  of  the  electroplated  chromium 
dropped  quite  rapidly  with  increasing  temperature,  it  was 
harder  than  any  of  the  other  materials  tested  up  to  about 
'lQO’F  (Figure  12)  The  hardness  at  110C°F  was  225  DPR, 
(approx ima te 1 y  Rockwell  C  18).  Gun  barrel  bores  are  pres¬ 
ently  chro®ium-p1ated  to  reduce  wear  and  extend  barrel  life. 
Figure  9  shows  a  chromium  deposit  after  testing  at  1000®f. 
it  appeared  about  the  same  as  It  did  at  room  temperature. 

The  crack  pattern  is  normal  and  existed  before  any  tests 
were  made  at  elevated  temperatures.  Figure  10  shows  the 
same  specimen  after  testing  at  lSOO'F.  Dark-field  Illum¬ 
ination  was  used  here  to  make  the  Indentations  more  visible. 
Three  indentations  can  be  seer,  in  this  photograph.  Figure 
11  shows  chromium  plate  after  testing  at  1800JF  (also  with 
dark-field  illumination).  The  specimen  showed  considerable 
spalling  of  the  chromium  and  had  many  iridescent  areas. 
Spalling  of  the  chromium  plate  was  of  Interest  In  that  It 
occurred  without  applied  stresses  other  then  thermal  effects. 


8 


fie'JSES  4,  5  >  6  Photomicrographs  of  el ectron-beam-mel ted 

Columbian,  showing  OPH  Indentations 
made  at  room  temperature,  1GG0F,  and  2000F.  SOX 


FIGURE  7  DPH  Indentation  made  at  2200F 

In  unalloyed  tantalura.  300X 


FIGURE  8  Electron-beaw-aeUed  coluBbiusi 

showing  DPH  indentations  »ade  at  18G0F. 

Mote  vacuua  etching.  1 00 X .  Dark  field  1 1 luslnatlon 
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FIGURES  9,  10,  4  11  Chroestum  plate  after  testing 

at  1000F.  1500F.  and  1800F.  Figure  9  was  made  with  bright  field 
Illumination  and  aper&ture  off  center  for  side  lighting 
Figures  10  6  11  had  dark  field  Illumination. 

All  are  1QGX  magnification. 


HOT  HARDNESS  OF  Cr-Mo-V  STEEL, 

CHROMIUM  PLATE,  AND  SEVERAL  REFRACTOR!  METAIS 
AH)  ALLOTS 


1.  Chroelus 

2.  Tungsten 

3.  Tantalus,  9W,  2.5Hf,  .QIC 
A.  Tantalua,  9.6itf,  2.4Hf,  .OIC 
5.  Kolybdenua 

b.  Columbian,  11W,  3*o,  2Hf,  .CSC,  15*  red. 

7.  Coluabiua,  33Ta,  IZr,  annealed.  R  39 

8.  Colunbiua,  33Ta,  IZr,  annealed,'  R>6i 

9.  ColuiebiuE,  10W,  iOTa  A 

10.  Tantalua 

11.  Coluabiua 

■12.  ,  {gun  t  r 


_ 10 


1000  1500 
CS8&SES  FAHRENHEIT 


1800  2000  2200 


FIGURE  ’2 


FIGURE  13 


nSURE  15 


KjT  fUi<i)Bi£2&S 


Wr.LLom)  MGimuam 


500 


400 


•o 

» 


£ 

>00 


S 

cj 


3 


200 


100 


l- 


FIGURE  19 


•rrtf 


(p^ot  CCS)  ridq 


»  200 
f«M 


hot  Ft,-  :ts 


Cb,  Iff*.  10T- 


XGOO  1500 

SfCROS  FAHRENHEIT 


HD? 

WULL0Y2D  TaKThUBS 


- - -  u«|IW 


PIGURi  23 


23 


The  hardness  of  tungsten  (Figure  14)  dropped  quickly 
fro*  approximately  500  DPH  (ft.  49}  at  room  temperature  to 
275  0PM  (ft.  27)  at  5O0*F,  but^much  less  rapidly  to  163 
DPH,  (belof  R.  20)  at  1800*F.  Tungsten  teas  harder  than 
any  of  the  other  materials  tested  except  chromium  up  to 
about  1100'f  and  approximately  equals  the  hardness  of 
Su-16,  Ta-111,  and  Ta-222  refractory  alloys  at  about  1300*F. 

These  latter  three  alloys  showed  Increases  In  hardness 
with  Increasing  temperature  after  Initially  dropping  In 
hardness  (Figures  15,  16,  18).  The  unalloyed  metals  gen> 
orally  showed  a  continuing  downward  trend  In  hardness  with 
Increasing  temperature  although  some  regions  existed  in 
which  hardness  was  relatively  constant 

The  chroalum-molybdenua-vanadiuB  steel  used  for  gun 
barrels  was  harder  than  most  of  tha  refractory  materials 
(except  tungsten)  at  room  temperature  and  at  500*F.  Above 
50QeF,  however,  the  hardness  dropped  rapidly  with  Increas¬ 
ing  temperature.  Above  10Q0eF,  It  was  softer  than  any  of 
the  other  materials  except  tantalum  and  columblum.  At 
1800°F,  It  was  softer  than  even  these  two  metals. 

t 

CONCLUSIONS 

Several  of  th©  refractory  alloys  tested  especially 
the  col uabl urn-base  alloy  Su-16  and  the  two  tantalum-base 
alloys  Ta-111  and  Ta-222  retained  comparatl vely  high  levels 
of  hardness  to  1 800* F  or  higher.  Provided  other  require¬ 
ments  are  met,  these  alloys  appear  promising  for  high- 
temperature  applications  such  as  gun  barrel  liners. 
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